TITLE OF THE INVENTION 
RESONANCE TYPE OPTICAL MODULATOR 
USING SYMMETRIC OR ASYMMETRIC ELECTRODE 



BACKGROUND OF THE INVENTION 
Field of the Invention: 

[0001] The present invention relates to the configuration of an 
optical modulator used in the field of optical communications as a phase 
modulator, intensity modulator or polarization modulator. It particularly 
relates to the configuration of a resonance type optical modulator using a 
symmetric or asymmetric electrode having high modulation efficiency 
even with a low input voltage. 
Description of the Prior Art: 

[0002] An optical modulator is a device that converts electrical 

signal information, such as intensity, phase and frequency, into optical 
carrier information that is then output. Modulation methods include the 
direct method in which a source laser is directly modulated, and the 
method in which the source Light wave is modulated by an external 
modulator. The direct modulation method can be realized with a simple 
system configuration, while the method using an external modulator 
provides high-quality modulation. For communications involving very 
high speeds and long distances, modulation is usually carried out using 
an external modulator. 

[0003] The external modulators used include ones that utiHze the 

electro-optical effect or the semiconductor electro- absorption effect. The 
former relates to the present invention and, as such, is described in 
further detail below. 

[0004] LiNbOs, a substance that exhibits the electro-optical effect, is 

extensively used for optical modulators. The modulation utilizes changes 
in the refiractive index based on the Pockels effect that is the primary 
electro-optical effect and a characteristic of LiNbOs. It is weU known that 



in the modulation, an electric field is applied parallel or perpendicular to 
the surface of the LiNbOs substrate. Which it is depends on the crystal 
orientation of the LiNbOs substrate. The field is applied parallel to an 
x-cut substrate and perpendicular to a z-cut substrate. 

[0005] Another property of LiNbOs is that its refractive index can be 

readily adjusted by thermally diffusing a substance, such as titanium, 
into the substrate. This is often used to form an optical waveguide in the 
LiNbOs substrate and integrate a plurality of the devices. 
[0006] Modulators that use a LiNbOs substrate include standing 
wave type optical modulators and resonance type optical modulators. In 
a standing wave type optical modulator the optical waves are guided in 
the same direction as the electric signals, with the light wave being 
modulated in the waveguides. Such modulators have a wide bandwidth 
ranging from direct-current signals to microwave signals, but to be 
effective reqtdre a high driving current. On the other hand, since 
resonance type optical modulators use resonance for the modulation, the 
bandwidth is limited to a narrow band in the microwave region, but 
modulation is highly efficient. This makes them effective for applications 
that require high-efficiency operation in a narrow band, such as 
polarization scramblers and multiplexers. 

[0007] The present invention relates to the configuration of this type 
of resonance type optical modulator, which will therefore now be described 
in the following. Figures lA and IB illustrate a prior-art resonance type 
optical modulator ("Study of lOGHz resonance type LiNbOs optical 
modulator," Oilcawa and thee others. Report No. C-3-25, p. 204, of the 
collected papers of the general conference of the Institute of Electronics, 
Information and Communication Engineers (2000)). Figure lA shows a 
z-cut type modulator comprised of an optical waveguide, an electrode 
(modulation electrode) above the optical waveguide and a capacitor for 
impedance matching. The electrode is of a size that resonates at a 
microwave fi:equency input. The modulator shown in Figure IB 



comprises a modulation electrode and an open stub for impedance 
matching. This modulator is easier to manufacture than the modulator 
of Figure lA. 

[0008] In the modulator of Figure IB, the modulation electrode and 
the stub are formed of layers of the same metal, which makes the 
modulator easier to fabricate. However, in addition to being provided on 
the microwave signal input side, a common level hne layer is also 
provided on the other side of the optical path, and at a position that 
circumvents the modulation electrode. The configuration therefore has 
the drawback of being a common electrode while also trjdng to be a 
common level structure. Moreover, another drawback is that the effective 
modulation field strength apphed to the optical path is substantially half 
that compared to when the common level Une layer is provided only on the 
microwave signal input side. 

[0009] In view of the above shortcomings, the present invention has 

been proposed, and an object thereof is to provide a resonance type optical 
modulator using a symmetric or asjnnmetric electrode that is easy to 
manufacture and provides highly effective modulation even with a low 
input voltage, having a configuration that does not give rise to loss of the 
effective modulation field strength apphed to the optical path. 
[0010] In the description of the invention given below, an open stub 

means that the end of a microwave asymmetric coplanar waveguide that 
is not the signal-supply end is open-ended, and a short stub means that 
the aforementioned end is short-ended. 

SUMMARY OF THE INVENTION 
[00 ll] The first point of the present invention to attain the above 

object relates to provide a resonance type optical modulator comprising an 
optical path having electro-optical effect characteristics, a modulation 
electrode formed along the optical path for applying an electric field to the 
optical path, a common electrode formed in opposition to the modulation 



electrode, a feeding line that is electromagnetically connected to the 
modulation electrode, and stubs connected to the feeding line; the feeding 
line, stubs and common electrode being provided on one side of a region 
that is divided by the modulation electrode. 
5 [0012] A coaxial cable is generally used to feed the signal to the 

modulator from an external signal source, and since the feed has to be 
made to a very small region while performing impedance matching, the 
second point of the invention has a feature that the feeding line includes a 
tapered transformer in addition to the first point. 

10 [0013] There can be one stub or a plurahty of stubs. When there is 
a plurality of stubs, the design is facilitated if the stubs are positioned 
with bilateral ssrmmetry. Therefore, the third point of the present 
invention relates to a resonance type optical modulator comprising an 
even number of stubs that are located symmetrically with respect to the 

15 feeding line in addition to the first or second point. 

[0014] In the resonance type optical modulator according to the first 
point of the present invention, moreover, it is desirable for the stub to be 
positioned at the junction between the modulation electrode and the 
feeding hne. Therefore the fourth point of the present invention relates 

20 to a modulator comprising the modulation electrode and feeding line 
intersecting at right angles, in addition to the first point, with the stub 
being located at the junction between the feeding line and the modulation 
electrode. 

[0015] Since the resonance type optical modulator according to any 

25 one of the first to fourth points of the present invention thus configured 
can use an open-ended modulation electrode, the fifth point of the present 
invention relates to a modulator wherein the common electrode formed in 
opposition to the modvdation electrode is open-ended at both ends, in 
addition to any one of the first to fourth points. 
30 [0016] Since the resonance type optical modxdator according to any 

one of the first to fourth points of the present invention thus configured 



can use a short-ended modulation electrode, the sixth point of the present 
invention relates to a modulator wherein the common electrode formed in 
opposition to the modulation electrode is short-ended at both ends, in 
addition to any one of the first to fourth points. 

[0017] The stub used can be an open-ended stub or a short-ended 

stub. Therefore, the seventh point of the present invention relates to a 
modulator in which the stub is an open-ended stub in addition to any one 
of the first to sixth points, and the eighth point of the present invention 
relates to a modulator in which the stub is a short-ended stub. 
[0018] A resonance tj^pe optical modulator having an asymmetric 

electrode has the following features. The ninth point of the present 
invention relates to a resonance type having an asymmetric electrode, 
comprising an optical path having electro-optical effect characteristics, an 
open stub, a short stub connected to the open stub, a feeder fine that is 
electromagnetically connected to the open stub and the short stub, and a 
common electrode! the open stub and the short stub being formed on a 
single optical path and comprising a modulation electrode for applying an 
electric field to the optical path. 

[0019] The tenth point of the present invention relates to a 
modulator including an optical path having electro-optical effect 
characteristics, a first short stub, a second short stub having a different 
length fi-om the first short stub that is connected to the first short stub, a 
feeding Hne that is electromagnetically connected to the first short stub 
and the second short stub, and a common electrode; the fij-st short stub 
and the second short stub being formed on a single optical path and 
comprising a modulation electrode for applying an electric field to the 
optical path. 

[0020] The eleventh point of the present invention relates to a 

modulator including an optical path having electro-optical effect 
characteristics, a first open stub, a second open stub having a different 
length fi:om the first open stub that is connected to the fijfst open stub, a 
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feeding line that is electromagnetically connected to the first open stub 
and the second open stub, and a common electrode; the first open stub and 
the second open stub being formed on a single optical path and comprising 
a modulation electrode for applying an electric field to the optical path. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 
[002 1] Figure lA shows a resonance type optical modulator of the 

prior art, comprising an optical waveguide, an electrode (modulation 
electrode) located above the optical waveguide and a capacitor for 
10 impedance matching. 

[0022] Figure IB shows a resonance type optical modulator of the 

prior art, comprising a modulation electrode and an open stub for 
impedance matching. 

[0023] Figure 2A is a plan view of a resonance type optical 

15 modvdator with an open-ended modulation electrode. 

[0024] Figure 2B is a cross-sectional view of the resonance type 
optical modulator with the open-ended modulation electrode. 
[0025] Figure 3 shows the result of a computer simulation relating 
to the field strength and phase of an electric signal on the modiilating 

20 electrode of a Mach-Zehnder interferometer type resonance type optical 
modulator used for intensity-modulating a light wave having a 
wavelength of 1.55 microns with a microwave having a center firequency of 
10 GHz, shown with respect to the coordinate system moving along with 
the light wave propagating in the waveguide. 

25 [0026] Figure 4 shows the result of a computer simidation relating 
to the field strength and phase of an electric signal on the modulating 
electrode of a Mach-Zehnder interferometer type resonance type optical 
modulator used for intensity-modulating a light wave having a 
wavelength of 1.55 microns with a microwave having a center frequency of 

30 10 GHz, using a modulation electrode having a length that is 0.5 times the 
wavelength of the microwave, shown with respect to the coordinate system 



moving along with the light wave propagating in the waveguide. 
[0027] Figure 5 shows the result of a computer simulation relating 

to the field strength and phase of an electric signal on the modulating 
electrode of a Mach-Zehnder interferometer type resonance type optical 
modulator used for intensity-modulating a light wave having a 
wavelength of 1.55 microns with a microwave having a center frequency of 
10 GHz, when no stub is used, shown with respect to the coordinate 
system moving along with the light wave propagating in the waveguide. 
[0028] Figure 6A is a plan view of a resonance type optical 
modulator with a short-ended modulation electrode. 

[0029] Figure 6B is a cross-sectional view of the resonance type 
optical modulator with the short-ended modulation electrode. 
[0030] Figure 7 shows the result of a computer simulation relating 

to the field strength and phase of an electric signal on the modulating 
electrode of a Mach-Zehnder interferometer type optical modulator used 
for intensity modulating a light wave having a wavelength of 1.55 microns 
with a microwave having a center frequency of 10 GHz, using modtdation 
electrode having a length that is 0.69 times the wavelength of the 
microwave, shown with respect to the coordinate system moving along 
with the Hght wave propagating in the waveguide. 

[0031] Figure 8 is a block diagram of a configuration in which plural 

modulators are connected in series. 

[0032] Figure 9 is a plan view of a modulator in which the 

modulation electrode is an asymmetric ICPW (Interdigital Coplanar 
Waveguide). 

[0033] Figure 9 is a cross-sectional view of the modulator in which 
the modulation electrode is an asymmetric ICPW (Interdigital Coplanar 
Waveguide). 

[0034] Figure lOA is a plan view of a resonance type optical 

modulator in which the modulation electrode is composed of an open stub 
and a short stub. 



[0035] Figure lOB is a cross-sectional view of the resonance type 
optical modulator in which the modulation electrode is composed of an 
open stub and a short stub. 

[0036] Figure 11 shows the result of a computer simulation relating 
to the field strength (solid line) and phase (dotted hne) of an electric 
signal on the modulating electrode, shown with respect to the coordinate 
system moving along with the hght wave propagating in the waveguide. 
[0037] Figure 12 shows the result of a reference simulation. 

[0038] Figure 13 shows the result of a computer simulation of a 

non-optimized configuration in which the modulation electrode is 
composed of an open stub 1 and a short stub 4 on the optical waveguide. 
[0039] Figure 14A is a plan view of a resonance type optical 

modulator in which the modulation electrode is composed of an open stub 
1 and an open stub 2 on the optical waveguide. 

[0040] Figure 14B is a cross-sectional view of the resonance type 
optical modulator in which the modiilation electrode is composed of the 
open stub 1 and the open stub 2 on the optical waveguide. 
[0041] Figure 15 shows the result of a computer simulation relating 

to the field strength (sohd hne) and phase (dotted hne) of an electric 
signal on the modulating electrode in an optical waveguide composed of 
the open stubs 1 and 2, shown with respect to the coordinate system 
moving along with the light wave propagating in the waveguide. 
[0042] Figure 16 shows the result of a computer simulation relating 
to the field strength (soUd line) and phase (dotted Hne) of an electric 
signal on the modulating electrode in an optical waveguide composed of 
the open stubs 1 and 2, in a non-optimized case, shown with respect to the 
coordinate system moving along with the Hght wave propagating in the 
waveguide. 

[0043] Figure 17A is a plan view of a resonance type optical 

modulator in which the modulation electrode is composed of a first short 
stub on an optical modulator and a second short stub of a different length 
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on the same optical waveguide. 

[0044] Figure 17B is a cross-sectional view of the resonance type 

optical modulator in which the modulation electrode is composed of the 
first short stub on an optical modulator and a second short stub of a 
5 different length on the same optical waveguide. 

[0045] Figure 18A is a plan view of a modulator in which the 

modulation electrode is an asymmetric ICPW (Interdigital Coplanar 
Waveguide). 

[0046] Figure 18B is a cross -sectional view of the modulator in 
10 which the modulation electrode is an as5nnmetric ICPW (Interdigital 
Coplanar Waveguide). 

DESCKIPnON OF THE PREFERRED EMBODIMENTS 
[0047] Aspects of the embodiments of the present invention are 

15 described below with reference to the drawings, starting with a first 
example l) of a resonance type optical modulator that uses a symmetric 
electrode and has an open-ended modulation electrode. This is followed 
by the description of a second example 2), in which the modulation 
electrode is short-ended, and a third example 3), in which a longer 

2 0 modulation - electrode is used. 

[0048] This is followed by descriptions of aspects of embodiments of 
a resonance type optical modulator that uses an asymmetric electrode. 
In a fourth example, the invention includes an open stub (meaning that 
the end of a microwave asymmetric coplanar waveguide that is not the 

25 signal-supply end is open-ended) and a short stub (the end that is not the 
signal-supply end is short-ended). A fifth example includes a first open 
stub, and a second open stub having a different length from the first open 
stub that is connected to that waveguide. A sixth example includes a 
first short stub, and a second short stub having a different length from the 

30 first short stub that is connected to that waveguide. 



Example 1- 

[0049] Figures 2A and 2B are plan and cross sectional views, 

respectively, of a resonance type optical modulator comprising a 
modulation electrode formed on an optical path for applying an electric 
field to the optical path, and a common electrode formed in opposition to 
the modulation electrode, in which the modulation electrode comprises an 
open-ended, microwave asymmetric coplanar waveguide. The resonance 
type modulator shown is a Mach-Zehnder interferometer type optical 
modulator used for intensity-modulating a light wave having a 
wavelength of 1.55 microns, using a microwave signal having a center 
frequency of 10 GHz. The modulator has a z-cut LiNbOs substrate in 
which an optical path is formed by thermally diffusing Ti (titanium) into 
the substrate. To suppress the attenuation of the light propagating in 
the optical waveguide, a layer 9 of silicon oxide having a thickness of 0.55 
nm is formed on the substrate. A metal layer (gold, a thickness of 2 pm) 
is provided on the layer 9 to form thereon a modulation electrode, a 
transformer, stubs and a common electrode. 

[0050] The modulation electrode 1 is 5 pm wide and 3250 pm long, 

and is separated from common electrodes 6 and 7 by a distance of 27 pm. 
The length of the modulation electrode 1 is 0.19 times the wavelength of 
the microwave modulation signal, and can be set to 0.18 to 0.22 (or 0.67 to 
0.70) times the wavelength. To ensure that the combined impedance of 
stub and electrode stays in an appropriate region, the modulation 
electrode 1 should be 20 to 25% shorter relative to the resonance point of 
the microwave modulation signal. 

[0051] Short stubs 4 and 5 are each 50 pm wide and 875 pm long, 

and are separated from the common electrodes 6 and 7 by a distance of 27 
pm. The length of the stubs is 0.12 times the wavelength of the 
microwave modulation signal. The junction between the short stubs 4 
and 5 and the modulation electrode 1 is roughly at the middle of the 
modulation electrode 1. The stubs are provided at a slant to the 



- 11 - 

modulation electrode 1. The feeding line is connected to the junction 
portion. In Figure 2A the connection is shown as a direct-current type 
connection effected by means of a continuous conductor. However, the 
connection is not limited to a direct-current connection, and may be any 
5 connection that attains the purpose, such as an electromagnetic 
connection based on capacitor or inductor. The feeding hne includes a 
feeding Hne connection and a tapered transformer. In Figure 2, there is a 
100-p.m feeding line connection between the junction and the tapered 
transformer. The short stubs 4 and 5 can be provided anywhere along 

10 the feeding Hne connection without any particular problem. There is no 
essential reason to provide a wiring Hne, which can be omitted. The 
tapered transformer is to ensure the incoming signal from the input end of 
the coplanar waveguide is suppHed to the short stubs without being 
reflected back. The tapered transformer is 800 pm long and tapers from 

15 a width of 100 pm to a width of 35 pm, with the distance from the common 
electrode tapering from 325 pm to 107.5 pm. The short stubs are 
provided to prevent excessive reduction in the input impedance of the 
modulation electrode in a certain frequency range, and are particularly 
effective in preventing excessive reduction in the impedance during 

20 resonance. The short stubs have to be adjusted to maximize phase 
change effect (the induced phase amount) of the microwave signal input. 
[0052] Figure 3 shows the result of a computer simulation relating 

to the field strength and phase of Hght propagating in a waveguide along 
the modulation electrode of a Mach-Zehnder interferometer type 

25 resonance type optical modulator used for intensitymodxilating a Hght 
wave having a wavelength of 1.55 microns with a microwave signal 
having a center frequency of 10 GHz, shown with respect to the coordinate 
system moving along with the Hght wave propagating in the waveguide. 
The field strength is shown in the figure as the normaHzed ampHtude of 

30 the input microwave signal; as shown, the field strength increases. With 
respect to the coordinate system moving along with the Hght wave 



propagating in the waveguide, the phase increases from left to right. 
Figure 4 shows the result of a computer simulation with no optimization 
(specifically, in which the length of the modulation electrode is 0.5 times 
the wavelength of the microwave signal). As can readily he understood 
from a comparison of Figures 3 and 4, optimization results in an increased 
potential on the modulation electrode. Figure 5 shows the result of a 
computer simulation when no stub is used (with conditions other than the 
stubs being the same as those producing the residt shown in Figure 3). 
As can readily be understood from a comparison of Figures 3 and 5, stub 
usage results in an increased potential on the modulation electrode. 
[0053] Although in the configuration shown in Figure 2, two short 
stubs are used, the same effect can be obtained using one short stub, 
provided that the one short stub is made 1.42 times longer than the above 
stub length when two stubs are used. 

Example 2- 

[0054] Figures 6A and 6B are plan and cross-sectional views, 
respectively, of a second example of a resonance type optical modulator in 
which the modulation electrode comprises a short-ended, microwave 
asymmetric coplanar waveguide. As in the case of the first example, the 
resonance type modulator is a Mach-Zehnder interferometer type optical 
modulator used for intensity-mod\ilating a Hght wave having a 
wavelength of 1.55 microns, using a microwave signal having a center 
frequency of 10 GHz. The substrate and sectional structures are the 
same as those of the first example, and so further explanation thereof is 
omitted. 

[0055] Both ends of modulation electrode 8 are connected to the 
common electrode. The modulation electrode is 5 jim wide and 7010 pm 
long, and is separated from the common electrodes 6 and 7 by a distance 
of 27 iim. The electrode length is set to be 0.41 times the wavelength of 
the microwave modulation signal, and can be set to be firom 0.41 to 0.44 
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(or 0.91 to 0.94) times the wavelength. To ensure that the combined 
impedance of stub and electrode stays in an appropriate region, the 
modulation electrode 8 should have a length that is 15 to 20% offset on the 
shorter wavelength side relative to the resonance point of the microwave 
5 signal. 

[0056] Short stubs 4 and 5 are each 50 urn wide and 1165 jim long 
and are separated from the common electrodes 6 and 7 by a distance o£ 27 
Jim. The length of the stubs is 0.16 times the wavelength of the 
microwave modvdation signal. The junction between the short stubs 4 

10 and 5 and the modulation electrode 1 is roughly at the middle of the 
modulation electrode. The stubs are provided at a slant to the electrode 1. 
A 100-p.m feeding line connection is provided between the junction and 
the tapered transformer. There is no essential reason for providing the 
wiring line, which can be omitted. The short stubs have to be adjusted to 

15 maximize the phase change effect (the induced phase amount) of the 
microwave electrical signal input. 

[0057] With respect to the lengths of open-ended and short-ended 
modulation electrodes, while the length of an open-ended modulation 
electrode is roughly half the wavelength of the microwave signal 
20 propagating on the electrode, a short-ended modulation electrode is 
roughly one wavelength long. This enables a selection to be made 
according to the length of the modulation electrode it is desired to use. 

Example 3* 

25 [0058] Figure 7 shows the result of a computer simulation relating 
to the field strength and phase of a light wave propagating in a waveguide 
along the modulation electrode of a Mach-Zehnder interferometer type 
resonance type optical modulator used for intensity-modulating a hght 
wave having a wavelength of 1.55 microns with a microwave signal 

30 having a center frequency of 10 GHz, with the length of the modulation 
electrode being 0.69 times the wavelength of the microwave signal, shown 



with respect to the coordinate system moving along with the light wave 
propagating in the waveguide. This shows that in the vicinity of -0.4X 
along the horizontal axis, the field phase undergoes a reversal of more 
than 180 degrees. At the place this happens, it can be seen that the 
phase change effect of the microwave electrical signal input (the induced 
phase amount) is the reverse of that in other portions. 
[0059] This gives rise to a decrease in the sum amount of induced 
phase. To prevent this decrease, in areas where the phase exceeds 180 
degrees, it is desirable either to increase the distance between the 
modulation electrode and the Ught path, or to reverse the direction of 
substrate polarization. When the distance is sufficiently large, the 
induced phase does not increase. But, when the polalization is reversed, 
there is an increase in the above- described decrease at that portion. The 
polarization can be reversed by applying a direct- current high-voltage in 
the order of 20 to 25 kV/mm, using the method described by, for example, 
H. Murata, K. Kinoshita, G. Miyaji, A. Morimoto and K. Kobayashi in 
"Quasi-velocity-matched LiTaOs guided wave optical phase modulator for 
integrated ultrashort optical pulse generators". Electronic Letters 17th 
August 2000, vol. 36, No. 17, 1459- 1460. This completes the description 
of the third example. 

[0060] Any of the modulators described in the foregoing can be 

Hnkedin series, as shown in Figure 8, to strengthen the modulating effect. 
In such a configuration, delay circuits are used to align the microwave 
modulation signal with the propagating fight wave. 

[0061] The foregoing description has been made with reference to a 

configuration in which the modulating and common electrodes are directly 
opposed. However, the object of the present invention can also be 
attained using a conventional ICPW (interdigital coplanar waveguide) 
comprised by interposing an electrical conductor therebetween to provide 
a state equivalent to signal isolation. A waveguide having a conductor 
thus disposed is described in Figure 1 of a report by David A. Thompson 



and Robert L. Rogers in IEEE Microwave and Guided Wave Letters, vol. 8, 
No. 7, July 1998, pp. 257-259. The present invention uses the 
asymmetric ICPW shown in Figure 9, that is, on one side the common 
electrode is omitted. 

[0062] The above embodiments have been described with reference 

to an intensity modulator. However, since these intensity modulators 
have the same type of configuration as a polarization modulator that 
employs the electro-optical effect, it can be understood that the present 
invention can also be appHed to a polarization modidator. It is also dear 
that the present invention can also be applied to a phase modulator that 
uses the electro-optical effect, since modulation is appHed to just the hght 
path with the modulation electrode. 

Example 4- 

[0063] Figures lOA and lOB are plan and cross -sectional views, 

respectively, of a resonance type optical modiilator in which the 
modulation electrode is composed of an open stub and a short stub. The 
resonance type modulator shown is a Mach-Zehnder interferometer type 
optical modulator used for intensity-modulating a Hght wave having a 
wavelength of 1.55 microns, using a microwave signal having a center 
frequency of 10 GHz. The modulator has a z-cut LiNbOa substrate in 
which an optical path is formed by thermally diffusing Ti (titanium) into 
the substrate. To suppress the attenuation of the light propagating in 
the optical waveguide, a layer 9 of silicon oxLde having a thickness of 0.55 
pm is formed on the substrate. A metal layer having a thickness of 2 jim 
is provided on the layer 9 to form thereon a modulation electrode, a 
transformer, stubs and a common electrode. 

[0064] The modulation electrode is comprised of an open stub 1 

along an optical waveguide, and a short stub 4 along the same waveguide. 
The open stub 1 is 5 iim wide and 1881 jim long (including half the width 
of the wiring line), and is separated fi?om common electrode 7 by a 
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distance of 27 nm. This stub length is 0.22 times the wavelength of the 
microwave modulation signal propagating on the waveguide, and can be 
set to 0.20 to 0.24 (or 0.70 to 0.74) times the wavelength. The short stub 
4 is 5 jam wide and 256 jim long Gnduding half the width of the wiring 
5 hne), and is separated from common electrode 6 by a distance of 27 p.m. 
This stub length is 0.03 times the wavelength of the microwave 
modulation signal propagating on the waveguide. The electrical feed 
takes place at the junction between the stubs. In Figure lOA the 
connection is shown as a direct-current type connection effected by means 
10 of a continuous conductor. However, the connection is not limited to a 
direct-current connection, and may be any connection that attains the 
purpose, such as an electromagnetic connection based on capacitor or 
inductor. There is a lOO-jim feeding line connection between the junction 

^ and a tapered transformer. The stubs 4 and 5 can be provided anywhere 

15 along the feeding line connection without any particular problem. 

™ There is no essential reason to provide a wiring line other than to effect a 

connection, and the line can be omitted. The tapered transformer is to 

tj ensure that the incoming signal from the input end of the coplanar 

Is waveguide is supplied to the stubs 1 and 4 without being reflected back. 

20 The tapered transformer is 800 jim long and tapers from a width of 100 
pm to a width of 35 jim, with the distance from the common electrode 
tapering from 325 jim to 107.5 p.m. 

[0065] An advantage of this configuration is that, since the 

modulation electrode is connected to the common electrode by a stub, it is 
25 not susceptible to interference caused by electrostatic charges and 
low-frequency signals. 

[0066] Figure 11 shows the result of a computer simulation relating 

to the field strength (solid line) and phase (dotted Hne) of light 
propagating in a waveguide along the modulation electrode of the above 
30 Mach-Zehnder interferometer type resonance type optical modulator used 
for intensity-modulating a light wave having a wavelength of 1.55 microns 



- 17 - 

with a microwave signal having a center frequency of 10 GHz, shown with 
respect to the coordinate system moving along with the Hght wave 
propagating in the waveguide. Figure 12 shows the result of a reference 
simulation made using no short stub 4. The field strength is shown as 
5 the normalized amphtude of the input microwave signal. A comparison 
of the two figures shows that the field strength is increased by the use of 
the short stub 4. As viewed with respect to the coordinate system moving 
along with the light wave propagating in the waveguide, the phase 
increases from left to right. Figure 13 shows the result of a computer 
10 simulation using no optimization; that is, one in which the length of the 
modulation electrode (the combined length of the stubs 1 and 4) is 0.18 
times the wavelength of the microwave signal propagating on the 
electrode. As can readily be seen from a comparison of Figures 11 and 13, 
optimization increases the potential on the modulation electrode. 
15 [0067] The above embodiments have been described with reference 
to an intensity modulator. However, since these intensity modulators 
have the same type of configuration as a polarization modulator that 
employs the electro-optical effect, it is to be understood that the present 
invention can also be apphed to a polarization modulator. It is also clear 
20 that the present invention can also be applied to a phase modulator that 
uses the electro-optical effect, since modulation is applied to just the Hght 
path with the modulation electrode. 

[0068] While the above configuration can be achieved with an x-cut 

type modulator, since there are different distances between the 
25 modulation electrode and common electrodes from the z-cut type described 
above, the size of the stubs has to be adjusted accordingly to maximize the 
phase change effect (the induced phase amount) of the microwave 
electrical signal input. 



30 Example 5- 

[0069] Figures 14A and 14B are plan and cross-sectional views, 



respectively, of a resonance type optical modulator in which the 
modulation electrode is comprised of first and second open stubs having 
different lengths, disposed on the same waveguide. As in the above 
examples, the resonance type modulator shown is a Mach-Zehnder 
interferometer type optical modulator used for intensity-modulating a 
light wave having a wavelength of 1.55 microns, using a microwave signal 
having a center fi:equency of 10 GHz. Since the substrate and sectional 
structvires are the same as those of the first example, further e^splanation 
thereof is omitted. 

[0070] As described, the modulation electrode is comprised of an 

open stub 1 on an optical waveguide, and an open stub 5 on the same 
waveguide. The open stub 1 is 5 jim wide and 1710 pm long (including 
half the width of the wiring line), and is separated from common electrode 
7 by a distance of 27 iim. This stub length is 0.2 times the wavelength of 
the microwave modulation signal propagating on the waveguide, and can 
be set to 0.18 to 0.22 (or 0.68 to 0.72) times the wavelength. The open 
stub 5 is 5 pm wide and 2564 jim long (including half the width of the 
wiring line), and is separated from common electrode 7 by a distance of 27 
lim. This stub length is 0.3 times the wavelength of the microwave 
modidation signal propagating on the waveguide. As shown in Figure 14, 
the electrical feed takes place at the junction between the two stubs. 
There is a 100-pm feeding Hne connection provided between the junction 
and a tapered transformer. There is no essential reason to provide this 
wiring line, which can be omitted. The tapered transformer is to ensure 
that the incoming signal from the input end of the coplanar waveguide is 
supplied to the open stubs 1 and 5 without being reflected back. The 
tapered transformer is 800 p-m long and tapers fi:om a width of 100 iim to 
a width of 35 pm, with the distance from the common electrode tapering 
from 325 pm to 107.5 nm. 

[0071] An advantage of this configuration is that it enables a 
direct-current bias and low-frequency signals to be applied to the 



modxilation electrode. 

[0072] Figure 15 shows the result of a computer simulation relating 
to the field strength (soHd Hne) and phase (dotted hne) of a Ughtwave 
propagating in a waveguide along the modulation electrode of a 
thus-configured Mach-Zehnder interferometer type resonance type optical 
modulator used for intensity-modulating a light wave having a 
wavelength of 1.55 microns with a microwave signal having a center 
fi:equency of 10 GHz, shown with respect to the coordinate system moving 
along with the light wave propagating in the waveguide. The field 
strength is shown as the normahzed ampHtude of the input microwave 
signal. A comparison with the Figure 3 result obtained using no stub 
shows higher field strength. Also, with respect to the coordinate system 
moving along with the light wave propagating in the waveguide, there is a 
phase increase from left to right. At a distance of 427 pm fi:om the 
junction between the open stubs 1 and 5, that is, at a distance that is 0.05 
times the wavelength, the phase exceeds 180 degrees, showing that at 
that portion, the phase change effect of the input microwave electrical 
signal (the induced phase amount) is reversed. 

[0073] This gives rise to a decrease in the sum amount of induced 
phase. To prevent this decrease, in areas where the phase exceeds 180 
degrees, it is desirable either to increase the distance between the 
modulation electrode and the light path, or to reverse the direction of 
substrate polarization. When the distance is increased, the induced 
phase does not increase, but there is an increase in the above-described 
decrease at that portion. The polarization can be reversed by applying a 
direct-current high-voltage in the order of 20 to 25 kV/mm, using the 
method described by, for example, H. Murata, K. Kinoshita, G. Miyaji, A. 
Morimoto and K. Kobayashi in "Quasi-velocity-matched LiTaOs guided 
wave optical phase modulator for integrated ultrashort optical pulse 
generators", Electronic Letters 17th August 2000, vol. 36, No. 17, 
1459-1460. 



- 20 - 

[0074] Figure 16 shows the result of a computer simiilation using no 
optimization; that is, one in which the length of the modulation electrode 
(the combined length of the stubs 1 and 5) is 0.6 times the signal 
wavelength on the electrode. As can readily be seen from a comparison of 
5 Figures 15 and 16, optimization increases the potential on the modulation 
electrode. 

Example 6- 

[0075] Figures 17A and 17B are plan and cross-sectional views, 

10 respectively, of a resonance type optical modulator in which the 
modulation electrode is comprised of first and second short stubs having 
different lengths, disposed along the same waveguide. As in the above 
examples, the resonance type modulator shown is a Mach-Zehnder 
interferometer type optical modulator that uses a microwave signal 
15 having a center frequency of 10 GHz to intensity-modulate a Hght wave 
having a wavelength of 1.55 microns. The substrate and sectional 
structures are the same as those of the first example, so further 
explanation thereof is omitted. 

[0076] As described, the modulation electrode is comprised of a short 

20 stub 1 and a short stub 2 on the same optical waveguide. The short stub 
1 is 5 pm wide and 1710 jun long (including half the width of the wiring 
Une), and is separated fi-om common electrode 7 by a distance of 27 iim. 
This stub length is 0.45 times the wavelength of the microwave 
modulation signal propagating on the waveguide, and can be set to 0.43 to 
25 0.47 (or 0.92 to 0.95) times the wavelength. The short stub 2 is 5 pm 
wide and 256 nm long (including half the width of the wiring line), and is 
separated from common electrode 7 by a distance of 27 pm. This stub 
length is 0.03 times the wavelength of the microwave modulation signal 
propagating on the waveguide. As shown in Figure 17, the electrical feed 
30 takes place at the junction between the two stubs. A lOO-jim feeding line 
connection is provided between the junction and a tapered transformer. 



There is no essential reason to provide this wiring line, which can be 
omitted. The tapered transformer is to ensure that the incoming signal 
from the input end of the coplanar waveguide is supphed to the stubs 
without being reflected back. The tapered transformer is 800 iim long 
and tapers from a width of 100 pm to a width of 35 pm, with the distance 
from the common electrode tapering from 325 pm to 107.5 pm. 
[0077] An advantage of this configuration is that since the 
modulation electrode is connected to the common electrode by the stubs, it 
is not susceptible to interference caused by electrostatic charges and 
low-frequency signals. The first example has the same advantage, but 
because in the case of this sixth example the modulation electrode is also 
connected to the common electrode, it is less susceptible to higher 
low-frequency signals. 

[0078] The foregoing description has been made with reference to a 

configuration in which modulation and common electrodes are directly 
opposed. However, the object of the present invention can also be 
attained using a conventional ICPW (Interdigital Coplanar Waveguide) 
comprised by interposing an electrical conductor therebetween to provide 
a state equivalent to signal isolation. The present invention uses the 
asymmetric ICPW configuration shown in Figure 18, that is, a 
configuration in which, on one side, the common electrode is omitted. 
[0079] The above embodiments have been described with reference 
to an intensity modulator. However, since these intensity modulators 
have the same type of configuration as a polarization modulator that 
employs the electro-optical effect, it is to be understood that the present 
invention can also be applied to a polarization modulator. It is also dear 
that the present invention can also be applied to a phase modulator that 
uses the electro- optical effect, since modulation is applied to just the light 
path that has the modulation electrode. 

[0080] As described in the foregoing, the resonance type optical 
modulator using a symmetric or asymmetric electrode according to the 



present invention has the following effects. 

[0081] In each of the first to ninth inventions, the modulator is easy 

to fabricate and increases the effective modulation field strength apphed 
to the optical path, making it possible to realize high modulation 

efficiency with a low level of electric power. 

[0082] Particularly in the third invention, the configuration also 

includes bilateral symmetry, eliminating unexpected parasitic osdUation. 
[0083] Particularly in the fourth invention, the configuration is 

simple to facOitate the design process. 

[0084] Particularly in the fifth and sixth inventions, modulation 

electrodes having different optimum lengths are used and can be selected 
according to the purpose. 

[0085] Particularly in the seventh and eighth invention, different 
stub configurations can be selected according to the absence or presence of 
direct-ctirrent bias and low-frequency bias. 

[0086] Even with a resonance type optical modulator using an 
asymmetric electrode and equipped with the points of the ninth, tenth or 
eleventh invention, the modulator is easy to fabricate and increases the 
effective modulation field strength apphed to the optical path, making it 
possible to realize high modulation efficiency with a low level of electric 
power. 



